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Chemicals:  
Methylammonium iodide (CH3NH3I, Dyesol), lead iodide (PbI2, 99.999%, Alfa Aesar), 
lead chloride (PbCl2, 99.999%, Sigma-Aldrich), N,N-dimethylformamide (DMF, 
anhydrous, Sigma-Aldrich), methylamine (33% in absolute ethanol, Aldrich), 
hydrochloric acid (ARC reagent, 37 wt% in water, Sigma-Aldrich).  These chemicals 
were used as received. 
 
Experiments: 
 
Synthesis of methylammonium chloride (CH3NH3Cl): CH3NH3Cl was synthesized by 
modifying procedures described in reference.1-2 More specifically, 33.7 ml of 
methylamine and 21.6 ml of hydrochloric acid were mixed in a round bottomed flask at 
room temperature, and then kept stirring for several hours. The precipitate was recovered 
using the vacuum rotary evaporator. The product, methylammonium chloride 
(CH3NH3Cl), was collected after several washings with diethyl ether, and then dried at 
60 °C in vacuum oven. 
Precursor S1 was prepared by dissolving equal molar ratio of CH3NH3I and PbI2 at a 
concentration of 40 wt% in N,N-dimethylformamide (DMF) solvent. Perovskite S1 was 
prepared by spin-coating the solution at 2000 rpm/s for 60 seconds, and heated on a hot 
plate at 70 °C for 10 minutes. (Note: a longer annealing time or a higher annealing 
temperature makes the perovskite film change from dark brown to yellow, indicating 
decomposing of the perovskite layer into PbI2.) Precursor S2 was prepared by dissolving 
additional amount of CH3NH3Cl in S1 under same molar ratio of CH3NH3I and PbI2. 
Perovskite S2 was prepared by spin-coating the solution at 2000 rpm/s for 60 seconds, 
and then annealed on a hot plate at 100 °C for 45 minutes. (Note: the annealing 
temperature and time adopts previous work3 to ensure the complete formation of 
perovskite layer) Precursor S3 was prepared by dissolving CH3NH3I and PbCl2 at a 
molar ratio of 3:1 with a total mass weight of 40 wt% in DMF solvent. Perovskite S3 
was prepared under the same steps as that of perovskite S2. Precursor S4 was prepared 
by dissolving CH3NH3I and PbCl2 at a molar ratio of 3:1 and a mass weight 
concentration of 60 wt% in DMF solvent. Perovskite S4 was prepared following the 
same procedure as perovskite S2 but the solution needs preheated at 70 °C before spin-
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coating due to the high viscosity of concentrated precursor solution S4. All annealing 
processes were conducted in air. 
Planar TiO2 substrates were prepared by spin-coating TiO2 sol-gel prepared following our 
previous method4 on top of fluorine-doped tin oxide (FTO) conductive glass, and then 
calcined at 450 ℃ for 30 min, resulting in a film thickness of around 140 nm. (XRD 
measurement and SEM of cross-sectional planar TiO2 substrate is given in supporting 
material) TiO2 mesoporous layer was deposited from diluted anatase TiO2 paste (Dyesol 30 
NR-D diluted in absolute ethanol in mass ratio of 1 g to 5g) on top of planar TiO2 substrates, 
and then calcined at 450 ℃ for 30 min. This gives a film thickness of around 300 nm. 
Thicker TiO2 mesoporous layer was prepared by deposited another layer of TiO2 mesoporous 
layer and calcined at 450 ℃ for 30 min again. This generates a film thickness of around 500 
nm. 
Characterizations: 
The cross-sectional morphology of TiO2 photoanodes was characterized by scanning electron 
microscopy (SEM, JEOL, JSM-7100F). X-ray diffraction (XRD) patterns were recorded on a 
Rigaku Miniflex with cobalt Kα radiation. Results were then converted to copper target. The 
detection of chlorine in perovskite layer was measured using X-ray photoelectron 
spectroscopy (XPS, Kratos Axis Ultra photoelectron spectrometer with Al Kα radiation). UV-
vis absorption spectra were collected with a V650 spectrophotometer (JASCO) with an 
integration sphere. 
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S-Figure 1. Cross-sectional SEM images of a) planar TiO2 substrate, b) TiO2 mesoporous 
substrate of around 300 nm, c) TiO2 mesoporous substrate of around 500 nm, d) Perovskite 
film deposited from S2 precursor on planar TiO2 substrate with a thick capping layer of 
around 500 nm, e) Perovskite film deposited from S2 precursor on mesoporous TiO2 
substrate with a film thickness of around 300 nm and a capping layer of around 150 nm, and f) 
Perovskite film deposited from S2 precursor on mesoporous TiO2 substrate with a film 
thickness of around 500 nm. The scale bar is 100 nm. 
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S-Figure 2 XPS measurement of CH3NH3PbI3 perovskite film deposited from chlorine-
contained precursors, indicating no existence of chlorine at the surface of perovskite layer. 
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S-Figure 3 XRD measurement of planar TiO2 substrate, indicating anatase TiO2 crystals. 
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S-Figure 4 XRD results of CH3NH3PbI3 perovskite film deposited from S1 a) and S3 b) 
precursors on TiO2 planar substrates (PS) and mesoporous substrates (MS) of around 500 nm. 
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S-Figure 5 Absorbance spectra of CH3NH3PbI3 perovskite films deposited from S1, S2, and 
S3 on mesoporous TiO2 (～300 nm) substrates. 
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It shows that perovskite films exhibit different absorbance spectra in wavelength ranging 
from 400 nm to 750 nm, but they share same absorbance onset at around 780 nm. Therefore, 
the optical bandgaps of these samples should be very similar, around 1.59 eV, which are in 
consistent with published data.3, 5  
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